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306*DUHLWVKLJKSRZHUGHQVLW\KLJKSRZHUFRQYHUVLRQHIILFLHQF\DQGEHWWHUWRUTXHJHQHUDWLQJSHUIRUPDQFH>@
)LJXUHLVWKHFRQILJXUDWLRQRID306*EDVHGZLQGWXUELQH7KHVWDWRULVFRQQHFWHGWRWKHJULGWKURXJKDIXOO\UDWHG
EDFNWREDFNFRQYHUWHUZKLFKFRQVLVWVRIDPDFKLQHVLGHFRQYHUWHU06&DJULGVLGHFRQYHUWHU*6&DQGDGF
OLQNFDSDFLWRU

)LJ &RQILJXUDWLRQRIWKH306*EDVHGZLQGWXUELQH
)RUWKHGHVLJQRIWKHPHFKDQLFDOFRPSRQHQWVWKHGULYHWUDLQLVWKHPRVWFULWLFDORQHVLQFHLWGLUHFWO\FRQYHUWVWKH
NLQHWLF HQHUJ\ IURP WKH ZLQG WR WKH HOHFWULFDO HQHUJ\ $V WKH SRZHU UDWLQJ RI WKH ZLQG WXUELQH LQFUHDVHV WKH
PHFKDQLFDOIRUFHDQGWRUTXHDFWLQJRQWKHGULYHWUDLQEHFRPHODUJHU7KXVWKHPHFKDQLFDOVWUHVVRIWKHGULYHWUDLQ
PXVWGHFUHDVHZLWKWKHKHOSRIVLPXODWLRQVRIWZDUH5HIHUHQFH>@FRPSDUHGWKHORZYROWDJHULGHWKURXJKRID'),*
XVLQJ WKUHHGLIIHUHQWPRGHOV IRU WKHGULYHWUDLQ VLQJOHPDVV WZRPDVV DQG WKUHHPDVVPRGHOV7KH UHVXOW UHYHDOV
WKDW WKH WKUHHPDVVPRGHO LV WKHPRVWFORVH WR WKHUHDOFRQGLWLRQZKLFK LQGLFDWHV WKDW WKHHOHFWULFDOSURSHUWLHVDUH
VWURQJO\FRXSOHGZLWKWKHPHFKDQLFDOSURSHUWLHV,W LVEHWWHU WRFRQVWUXFWDW OHDVW WZRPDVVGULYHWUDLQPRGHOZKHQ
GLVFXVVLQJDERXWWKHHOHFWULFDOFRQWURORIDZLQGWXUELQH
$HURG\QDPLFPRGHO
,QWKLVVWXG\WKHDHURG\QDPLFPRGHORIWKHZLQGWXUELQHLVGHYHORSHGXVLQJWKH)$67)DWLJXH$HURG\QDPLFV
6WUXFWXUH 7XUEXOHQFH >@ )$67 LV RQH RI WKH PRVW XVHG DHURHODVWLF VLPXODWRU IRU DQDO\]LQJ WKH EODGH RI D
KRUL]RQWDOD[LVZLQG WXUELQH)LJXUH LV WKH VLPXODWLRQ VWUXFWXUHRI)$677KHSDUDPHWHUVRI WKHEODGHV IXUOLQJ
WRZHUSODWIRUPDQGZLQGGDWD DUHGHILQHG LQ WKHGLIIHUHQW ILOHV LQZKLFK WKH3ULPDU\ ILOH LVXVHG WRGHVFULEH WKH
RSHUDWLQJSDUDPHWHUV DQGEDVLF JHRPHWU\ RI WKHZLQG WXUELQH VXFK DV FXWLQ DQG FXWRXWZLQG VSHHGV WKH RXWSXW
SRZHURIWKHJHQHUDWRUDQGWKHVL]HRIWKHQDFHOOH$HURG\QRQHLPSRUWDQWVXEURXWLQHLQ)$67LVXVHGWRVLPXODWH
WKH'DHURG\QDPLFVRIWKHEODGHV,WFDQFDOFXODWHWKHDHURG\QDPLFGUDJOLIWDQGSLWFKLQJPRPHQWRIWKHEODGHE\
EODGHHOHPHQWPRPHQWXPWRGHWHUPLQHWKHDHURG\QDPLFIRUFHRQWKHEODGHVDQGWKHURWRUVSHHGRIWKHZLQGWXUELQH
$HURG\QLVGHVLJQHGWRLQWHUIDFHZLWK$'$06VRWKDWWKHFRPSOH[EHKDYLRXURIWKHZLQGWXUELQHFDQEHDQDO\VHG
0HFKDQLFDOPRGHO
7KHPHFKDQLFDOPRGHO RI WKHZLQG WXUELQH LV EXLOW LQ$'$06 $XWRPDWHG'\QDPLF$QDO\VLV RI0HFKDQLFDO
6\VWHPV >@  $'$06 LV WKH PRVW ZLGHO\ XVHG 0XOWLERG\ '\QDPLFV 0' VLPXODWLRQ VRIWZDUH LQ WKH ZRUOG
EHFDXVH LWFDQSURYLGH WKHUHVXOWV WKDWDUHFORVH WR WKHUHDOSK\VLFVSKHQRPHQRQ0RUHRYHU WKHHQJLQHHUVFDQXVH
$'$06WRDQDO\]HWKHFRPSOH[EHKDYLRURIWKHPHFKDQLFDODVVHPEOLHVLQFOXGLQJPRWLRQVWUXFWXUHVDFWXDWLRQDQG
FRQWURO 7R SUHGLFW WKH VWUHVV DQG OLIH VSDQ DFFXUDWHO\ VRIWZDUH WKDW LQFRUSRUDWHV WKH 0' DQG )LQLWH (OHPHQW
$QDO\VLV )($ EHFRPHV PRUH LPSRUWDQW IRU WKH ZLQG WXUELQH PDQXIDFWXUHUV 0' FDQ REWDLQ WKH DFFXUDWH ORDG
LQIRUPDWLRQEHIRUHWKHSK\VLFDOSURWRW\SHVDUHDYDLODEOH7KHDFFXUDF\RIWKHORDGLQIRUPDWLRQFDQEHHQKDQFHGE\
FRPELQLQJWKHIOH[LELOLW\LQIRUPDWLRQREWDLQHGIURP)($$'$06LVRQHRIWKHIHZVRIWZDUHWKDWFDQSURYLGHERWK
VROXWLRQV 7KHUHIRUH $'$06 KDV EHHQ DGRSWHG E\ PRVW ZLQG WXUELQH PDQXIDFWXUHV WR UHGXFH WKH SURGXFW
GHYHORSPHQWFRVWV
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(OHFWULFDOPRGHO
7KHHOHFWULFDOPRGHOLQFOXGHV306*PRGHOOLQJFRQYHUWHUPRGHODQGWKH'7&
4.1. PMSG modeling 
,QWKHVDOLHQWSROH306*WKHLQGXFWDQFHVDUHWKHIXQFWLRQVRIURWRUSRVLWLRQ7RVLPSOLI\WKHYROWDJHHTXDWLRQV
DQGWKHGHVLJQRIWKHFRQWUROWKHWUDQVIRUPDWLRQRIWKHUHIHUHQFHIUDPHVLVXVHGWRPDNHWKHLQGXFWDQFHVLQGHSHQGHQW
WRWKHURWRUSRVLWLRQ+HUHWKHV\QFKURQRXVUHIHUHQFHIUDPHZKLFKWKHGD[LVLVDOLJQHGZLWKWKHURWRUPDJQHWIOX[LV
FKRVHQ7KXVWKHYROWDJHHTXDWLRQVH[SUHVVHGLQWKHV\QFKURQRXVUHIHUHQFHIUDPHDUHVKRZQLQ
VTHVGVGVVG GWGL59 )Z)    (1) 
VGHVTVTVVT GWGL59 )Z)    (2) 
PVGGVG L/ ) )    (3) 
VTTVT L/ )    (4) 
PH SZ Z    (5) 
ZKHUH VG9  VT9  VGL  VTL  VG)  VT) DUHWKHGDQGTD[LVFRPSRQHQWVRIWKHVWDWRUYROWDJHFXUUHQWDQGIOX[ V5 LV
WKH VWDWRU UHVLVWDQFH G/ DQG T/ DUH WKH G DQG TD[LV LQGXFWDQFHV UHVSHFWLYHO\ P) LV WKH IOX[ RI WKH SHUPDQHQW
PDJQHWSLVWKHQXPEHURISROHSDLUV HZ LVWKHHOHFWULFDODQJXODUVSHHG PZ LVWKHPHFKDQLFDOURWDWLRQDOVSHHGRI
WKHGULYHWUDLQ
4.2. Converter model 
)LJDVKRZVWKHFLUFXLWRIWKH*6&7KHVL[VZLWFKHVDUHXVHGWRFRQWUROWKHRXWSXWYROWDJHVRIWKHFRQYHUWHU
8QGHULGHDOFRQGLWLRQWKHIROORZLQJUHODWLRQKROGV
FEDM66 MJ


MJ      (6) 
7KHRXWSXWYROWDJHVRIWKHFRQYHUWHUUHIHUUHGWRWKH]HURSRLQWRFDQEHH[SUHVVHGDV
^ ` FEDM669Y MJMJEXVMR      (7) 
ZKHUH MJ6 LVHTXDOWRRQHZKHQWKHVZLWFKWXUQVRQDQG]HURZKHQWKHVZLWFKWXUQVRII7KHHLJKWGLIIHUHQWRXWSXW
YROWDJHVRIWKHFRQYHUWHULQWKHFRPSOH[SODQHDUHVKRZQLQ)LJE
4.3. DTC for the PMSG 
7KHPDLQIXQFWLRQRI'7&LVWRFRQWUROWKHPDJQLWXGHRIWKHVWDWRUIOX[DQGWKHHOHFWURPDJQHWLFWRUTXHZKLFKDUH
H[SUHVVHGDV
LLS7 VGVTVTVGH ))    (8) 
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,I WKHVWDWRU UHVLVWDQFH LV VPDOOHQRXJK WKHYROWDJHDFURVV WKHVWDWRU UHVLVWDQFHFDQEHQHJOHFWHG6R WKHVWDWRU
YROWDJHFDQEHH[SUHVVHGDV
GWG9 VV )#    (9) 
(TXDWLRQ  FOHDUO\ VKRZV WKDW WKH VWDWRU IOX[ LV GLUHFWO\ GHWHUPLQHG E\ WKH VWDWRU YROWDJH 7KHUHIRUH WKH
HOHFWURPDJQHWLF WRUTXH FDQ EH FRQWUROOHG E\ LQMHFWLQJ WKH SURSHU VWDWRU YHFWRU DV VKRZQ LQ 7DEOH  7KH RYHUDOO
EORFNGLDJUDPRIWKH'7&DQGWKHDGDSWHGRQRIIFRQWUROOHUDUHVKRZQLQ)LJ
 
)LJ D*ULGVLGHFRQYHUWHURIWKH306*E9ROWDJHYHFWRUVRIWKHFRQYHUWHU
 
)LJ D2QRIIFRQWUROOHUZLWKK\VWHUHVLVEDQGVE7KHRYHUDOOEORFNGLDJUDPRIWKH'7&
7DEOH$QH[DPSOHRIDWDEOH
6HFWLRQ8)87      
      
      
      
      
      
      
$GYDQWDJHVRIFRVLPXODWLRQ
:LWKWKHLQFUHDVLQJSHQHWUDWLRQRIZLQGWXUELQHVLQWRWKHJULGWKHJULGFRGHVDERXWWKHZLQGSRZHULQWHJUDWLRQLQ
PRVW FRXQWULHV ZHUH PRGLILHG WR UHTXLUH WKDW WKH ZLQG WXUELQHV VKRXOG VWD\ FRQQHFWLRQ ZLWK WKH JULG ZKHQ D
FRQWLQJHQF\ RFFXUV >@7KH DELOLW\ WKDW WKHZLQG WXUELQH UHPDLQ FRQQHFWHG GXULQJ D V\VWHP YROWDJH GLS LV FDOOHG
/957FDSDFLW\1RPDWWHU WKH FRQYHQWLRQDO FURZEDUSURWHFWLRQ > @RU WKH DGYDQFHG FRQWURO VWUDWHJ\ > @ LV
DGRSWHGLWLVEHWWHUWRXVHWKHFRPSOHWHZLQGWXUELQHPRGHOOLQJIRUUHDOFRQGLWLRQ%HFDXVHWKHVKDSHRIWKHEODGHV
ZLOODIIHFWWKHPHFKDQLFDOSRZHUH[WUDFWHGE\WKHZLQGWXUELQHVWKHUHVXOWLQJFXUUHQWVLQWKHVWDWRUZLOOEHGLIIHUHQW
7KHUHIRUHLWLVLPSRUWDQWWRFRQVLGHUWKHPHFKDQLFDOSDUWZKHQWKH/957SHUIRUPDQFHRIWKH306*LVVWXGLHG,I
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WKHPHFKDQLFDOEHKDYLRXUFDQQRWEHVLPXODWHGSURSHUO\WKHSURWHFWLRQDFWLRQZRXOGIDLODQGWKHZLQGWXUELQHZRXOG
EHGDPDJHGE\WKHRYHUYROWDJHDQGRYHUFXUUHQW
7KHIOLFNHULVDOVRLPSRUWDQWIRUZLQGSRZHULQWHJUDWLRQ)OLFNHULVLQGXFHGE\YROWDJHIOXFWXDWLRQFDXVHGE\ORDG
IORZFKDQJHLQWKHJULG+HQFHWKHJULGFRQQHFWHGYDULDEOHVSHHGZLQGWXUELQHVDUHWKHIOXFWXDWLQJSRZHUVRXUFHV
GXH WR WKHRXWSXWSRZHU IOXFWXDWLRQ FDXVHGE\ZLQGYDULDWLRQZLQG VKHDU WRZHU VKDGRZ\DZHUURU HWF >@$
QXPEHURIVROXWLRQVWRPLWLJDWLQJWKHIOLFNHUFDXVHGE\WKHJULGFRQQHFWHGYDULDEOHVSHHGZLQGWXUELQHVKDYHEHHQ
SURSRVHG,Q>@WKHLQGLYLGXDOSLWFKFRQWURO,3&DSURPLVLQJZD\IRUVWUXFWXUDOORDGUHGXFWLRQKDVEHHQSURYHG
WKDWLWLVHIIHFWLYHWRPLWLJDWHWKHIOLFNHUFDXVHGE\JULGFRQQHFWHGYDULDEOHVSHHGZLQGWXUELQHV&RQVHTXHQWO\WKH
FRQWUROVWUDWHJLHVIRUWKHPHFKDQLFDOSDUWVDUHHIIHFWLYHWRLPSURYHWKHSRZHUTXDOLW\DQGWKHPHFKDQLFDOPRGHORI
WKHZLQGWXUELQHLVQHFHVVDU\
&RQFOXVLRQ
$VWKHDPRXQWRIWKHZLQGSRZHULQWHJUDWLRQLQFUHDVHVWKHZLQGWXUELQHVDUHQRORQJHUPHUHO\WKHHQHUJ\VRXUFHV
7KH\PXVW EH DEOH WR HQKDQFH WKH VWDELOLW\ DQG WKH UHOLDELOLW\ RI WKH JULG DQG VXSSRUW WKH JULGZLWK WKH DQFLOODU\
VHUYLFHVZKHQDIDXOWRFFXUVLQWKHV\VWHP+RZHYHUWKHRXWSXWSRZHURIWKHZLQGWXUELQHZLOOIOXFWXDWHGXHWRWKH
ZLQGVSHHGYDULDWLRQ7KXVQRWRQO\HOHFWULFDOFRQWUROEXWPHFKDQLFDOFRQWUROPXVWEHZHOOGHVLJQHG8QIRUWXQDWHO\
WKH 306*EDVHG ZLQG WXUELQH PRGHO LQ PRVW VWXGLHV FRQVLVWHG RI WKH GHWDLOHG HOHFWULFDO PRGHO DQG VLPSOLILHG
PHFKDQLFDOPRGHO,WLVQRWHQRXJKWRGHVFULEHWKHGHWDLOHGFKDUDFWHULVWLFVXVLQJVXFKZLQGWXUELQHPRGHOHVSHFLDOO\
IRUWKHZLQGSRZHUSURWHFWLRQDQGSRZHUTXDOLW\7KHUHIRUHWKLVSDSHUKLJKOLJKWVWKHLPSRUWDQFHRIDFRPSOHWHZLQG
WXUELQHPRGHOOLQJ WKDWFRPELQHVHOHFWULFDODQGPHFKDQLFDOSDUWV7KLVSDSHUDOVR LQWURGXFHV WKHPDLQ WKHRULHVDQG
VLPXODWLRQWRROVIRUWKHHOHFWULFDODHURG\QDPLFDQGPHFKDQLFDOSDUWVRID306*EDVHGZLQGWXUELQH
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